Complexes of DNA and cationic lipid offer potential advanand paralleled the decrease in transgene expression. tages for gene transfer to airway epithelia. However, we Second, cell division decreased with time after seeding, found that application of DNA-lipid (DMRIE-DOPE) comand we found that cells in mitosis (labeled with BrdU) were plexes to primary cultures of human ciliated airway epimuch more likely to express transgene than BrdU-negative thelia or explants of rabbit trachea generated only low levcells. These data suggest that the entry step across the els of gene transfer. In contrast, when we applied the apical membrane and the low rate of cell division are DNA-lipid to immature human epithelia shortly after seedimportant barriers for cationic lipid-mediated gene transfer ing, transgene expression was substantially higher. We to airway epithelia. Attempts to modify these two processes identified two barriers that limit gene transfer. First, uptake may yield improvements in the efficiency of gene transfer of the DNA-lipid complexes into airway cells across the to the airways in cystic fibrosis. apical membrane decreased rapidly with time after seeding
Introduction detect gene expression. [8] [9] [10] [11] [12] [13] [18] [19] [20] [21] [22] [23] Just as importantly, the Complexes of DNA and cationic lipids are a potentially results will depend on the cellular model that is used. In attractive vector system for gene transfer. 1, 2 They are fre-CF, ciliated airway epithelia express CFTR and are quently used for gene expression in the research laborathought to be an important target for gene transfer. 3 tory and they are being tested for gene therapy appliUsing techniques originally developed by Yamaya et al, 24 cations in vitro and in vivo. In the genetic disease cystic we have grown primary cultures of human airway epifibrosis (CF), 3 DNA-cationic lipid complexes could thelia at the air-liquid interface. The epithelium matures potentially be used to transfer CFTR cDNA to airway epiwith time, so that by 10-14 days after seeding the epithelia. DNA-lipid vectors have the advantage that repeat thelium develops a ciliated apical surface that resembles administration might not lead to the development of an the in vivo airway. 25 , 26 The goal of this study was to evaluimmune response as is observed with some viral vectors.
ate cationic lipid-mediated gene transfer to mature and Recent work has shown that a number of different catimmature airway epithelia in vitro with a particular ionic lipids can be combined with plasmid DNA to emphasis on evaluating the efficiency of gene transfer. express reporter genes or CFTR in airway cells in vitro and in the lungs of animals in vivo. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] Complexes of cationic lipids and CFTR cDNA have also been administered Results to the nasal epithelium of patients with CF. [15] [16] [17] Following application, there was evidence of gene transfer, but the Transfection of human airway epithelia with DNA-lipid consequences in terms of correcting the CF electrolyte complexes transport defect were small and variable. Those results,
In an earlier study we showed that complexes of DNA plus the data in animals indicate that DNA-cationic lipid and DMRIE-DOPE were capable of gene transfer to aircomplexes can be effective, but the efficiency may be less way epithelia and we optimized the conditions for transthan desired.
fection. 8 In that study we used canine tracheal epithelial Evaluation of the ability of DNA-cationic lipid comcells cultured in fetal calf serum, and the epithelium was plexes to effect gene transfer will depend on the specific transfected 4-5 days after seeding. To mimic better the lipids used, the formulation method, the administration in vivo human airway in this study, we used techniques similar to those originally described by Yamaya et al.
lipid-mediated gene transfer, we examined the ability of shows that with increasing time after transfection, the epithelium developed a transepithelial resistance, indicatcomplexes of pE1CFTR and DMRIE-DOPE to correct the Cl − transport defect that characterizes CF airway epiing the development of tight junctions and likely the beginning of polarization of the apical and basolateral thelia. For comparison, we used a recombinant adenovirus Ad2/CFTR-3. Both pE1CFTR and Ad2/CFTR-3 membranes. Over the same time-course, both transgene expression ( Figure 3a ) and the amount of cell-associated encode CFTR driven by the E1a promoter. For the DNAlipid complexes, we used a formulation that we had pre-DNA (Figure 3b ) fell dramatically. As we describe in the Materials and methods, evaluation of our washing proviously optimized for ratio of lipid to DNA, dose, volume and diluent. 8 Both vectors were applied to the epithelium cedures to remove extracellular DNA, and our electron microscopic examination indicate that cell-associated for 6 h, which increases the efficiency of gene transfer. 8, 25 Figure 1 shows that complexes of DNA-lipid generated DNA primarily represents DNA taken up into the cell. These data suggest that with time after seeding, transless Cl − transport in CF epithelia than did the recombinant adenovirus. Although many additional experiments gene expression may be reduced in large part because DNA uptake decreases. in vitro and in vivo would be required to compare these two very different vectors, the results in this figure make
As a qualitative complement to the quantitative data shown in Figure 3 , we examined DNA-lipid uptake the point that gene transfer with the DNA-lipid complex is less than optimal to correct the CF defect in Cl − microscopically. We examined the epithelia at a timepoint when the data in Figure 3 suggested that DNA transport.
As an additional method of evaluating gene transfer, uptake was still relatively high (16 h after seeding) and when DNA uptake had decreased (24 h). The epithelia we used freshly excised explants of rabbit trachea ( Figure  2 ). After a 6 h transfection period followed by 36 h incuwere transfected by application of DNA-lipid complexes to the apical surface for 6 h and then immediately prebation there was little evidence of gene transfer and what we were able to see usually appeared to be in areas of pared for transmission electron microscopy. In contrast to the studies described above, for these experiments we injury (a-c). For comparison, (d) shows that Ad2/CMV␤Gal-2 generated much greater X-gal staining, but as has did not wash the epithelia extensively, because we found that doing so removed extracellular DNA-lipid combeen reported previously, 27 most of the gene transfer occurred in areas of injury. These data indicate that the plexes. Thus, for the purposes of illustration the electron photomicrographs show more extracellular DNA-lipid epithelia in intact rabbit trachea and in ciliated human airways in vitro are relatively resistant to cationic lipidcomplexes than would normally be present. Epithelia studied 16 h after seeding contained substantial amounts mediated gene transfer.
of DNA-lipid complex bound to the surface and internalized ( Figure 4a ). By 24 h after seeding, the epithelia had Evaluation of DNA uptake and expression in primary cultures of human airway epithelia begun to develop short microvilli and we were not able to find internalized DNA-lipid complexes and less DNAThere are several barriers to cationic lipid-mediated gene transfer; 18 the first barrier encountered is uptake of DNA lipid was bound to the cell surface ( Figure 4b ). To be certain of the identity of the DNA-lipid complex, we perforby the cell. To evaluate this step, we measured DNA uptake and transgene expression. Because our prelimimed similar studies in which the DNA was labeled with gold beads 18 and obtained similar results (not shown). nary studies showed little measurable expression or uptake in mature ciliated epithelia, we examined these These electron microscopic results are in good agreement with the data presented above and suggest that binding processes at earlier time-points after seeding. Figure 3c and uptake of DNA-lipid into the cell is a major ratelimiting step in gene transfer to airway epithelia. The decreased binding of DNA-lipid complexes might be due to the presence of mucus on the cell surface that could limit access to the apical membrane. To begin to evaluate this possibility, we examined the effect of N-acetylcysteine (which reduces disulfide bonds) on DNA uptake and transgene expression. Previous work has shown that N-acetylcysteine removes mucus from intestinal epithelia. 28 We placed N-acetylcysteine (10 mm in PBS) on the apical surface for 20 min at 37°C before transfection and then removed it by washing immediately before addition of DNA-lipid complexes. Mature airway epithelia were studied 16 days after seeding, epithelia were transfected for 6 h, and ␤-galactosidase expression was measured 48 h later. After treatment with N-acetylcysteine, DNA uptake was 1.27 ± 0.15 times the uptake in control epithelia and ␤-galactosidase activity was tive cells. These data suggest that dividing cells are more readily transfected than nondividing cells and that the low rate of cell division in airway epithelia may limit DNA-lipid-mediated gene transfer. if cell division decreased with time, we incubated epithelia with 3 H-[methyl]thymidine for 6 h. Figure 5 shows As a further test of this idea, we asked if addition of a growth factor that stimulates cell proliferation would that as the time after seeding increased, incorporation of 3 H-[methyl]thymidine decreased, suggesting that cell increase gene transfer. For this study we used mature epithelia 10-20 days after seeding. We added 10 ng/ml epidivision decreased with time in culture.
To learn whether cell division influenced gene transfer, dermal growth factor (EGF) to the epithelium for 24 h before and during transfection. EGF stimulates cell proepithelia were labeled with BrdU and then transfected with pCMV␤Gal-DMRIE/DOPE complexes. We also labliferation in ciliated airway epithelia cultured using conditions identical to those we describe (PB McCray Jr, Unieled nuclei with DAPI in order to count the total number of cells. Figure 6a shows that only a small number of cells versity of Iowa, personal communication). Forty-eight hours after transfection with 3 g of pCMV␤Gal comwere labeled by BrdU. Even though the epithelia were transfected 12 h after seeding, there was a relatively small plexed to 18 g of DMRIE-DOPE, we found that ␤-galactosidase activity was 2.5 × 10 6 ± 1.3 × 10 6 LU/mg number of cells expressing ␤-galactosidase. Figure 6a also First, the data indicate that cell proliferation can have an important influence on gene transfer. We found a temporal correlation between cell division and transfection; both decreased with time after seeding. When we applied growth factors to epithelia to stimulate proliferation, transfection increased. More direct evidence came from the observation that dividing cells were more likely to express transgene than nondividing cells. Although it is well known that retrovirus-mediated gene transfer requires cell division, the role of cell division in cationic lipid-mediated gene transfer is less widely appreciated.
Wilke et al 29 found that growth-arrested LLC-PK1 cells were less efficiently transfected by peptide-based or cationic lipid-based vectors than proliferating cells. They also found that when NIH-3T3 cells were synchronized, on the edge of a cluster of cells growing on collagencoated dishes were more easily transfected by DNA-cationic lipids than cells in the center of a cluster. They also found that cells on the edge of a cluster were more likely to be proliferating and concluded that proliferating cells were more readily transfected. Matsui et al 14 also reported that rat tracheal epithelial cells located at the edge of a cluster of growing cells were more frequently transfected than cells at the center of a cluster. However, they reported that BrdU-labeled cells were scattered throughout the cluster and concluded that proliferation was not likely to be a major factor in determining lipid-mediated gene transfer. Our study had the advantage that we specifically evaluated transgene expression in BrdU-positive and -negative cells. We found that the majority of cells expressing transgene was not proliferating. At first inspection, this might suggest that proliferation was not 
ber of cells per field; there was a total of 248 ± 9 cells per field. (b) Shows
The mechanism by which proliferation increases trans- facilitate DNA-lipid-mediated transfection by a mechanism similar to that important for retrovirus infection; protein in control epithelia. Treatment of paired epithelia breakdown of the nuclear membrane might facilitate with EGF increased expression to 4.1 × 10 6 ± 2.1 × 10 6 plasmid entry. Previous work has shown that entry of LU/mg protein (n = 8 experiments, P Ͻ 0.05).
plasmid DNA from the cytoplasm into the nucleus is an important barrier to expression. 18, 29 It is also possible that the proliferative state of the cells might have influenced Discussion expression by an effect on the CMV promoter. Finally, we cannot exclude the possibility that cell division may These studies show that complexes of DNA and cationic lipids can serve as a vector for gene transfer to mature have facilitated DNA uptake into the cell or may have minimized some other barrier to gene transfer. For human airway epithelia. However, the process was relatively inefficient. For these studies we used DMRIEexample, it is conceivable that during cell division tight junctions might be disrupted and the DNA-lipid com-DOPE as the lipid vector, but in preliminary studies we have found generally similar results with other cationic plex could gain access to the basolateral surface of cells or to more immature cells. Whatever the mechanism, it lipid vectors, including DMRIE-cholesterol, DC-Chol-DOPE and GL-67-DOPE. The inefficiency suggests the is possible that stimulation of cell proliferation might enhance gene transfer to airway epithelia. presence of one or more barriers to gene transfer. For DNA-cationic lipid vectors potential barriers include Second, the data show limited DNA uptake into the cell across the apical membrane. With time after seeding binding and uptake of the complex into the cell by endocytosis/phagocytosis, escape of the complex from DNA uptake decreased. Studies of DNA-cationic lipid administration to clusters of human airway epithelial the endosome into the cytoplasm, entry of DNA into the nucleus, release of DNA from the cationic lipid, and trancells 30 and rat tracheal epithelial cells 14 growing as clusters of cells, also showed decreased binding and uptake scription of the transgene. 18 Our data identify two factors that influence gene transfer to airway epithelia.
of complex by cells in the center of a cluster. There are several potential explanations for reduced binding and current forms, both have significant limitations and are relatively inefficient. In the end we believe that consideruptake: (1) The complex may not efficiently bind to the apical surface of more mature cells because the compoation of these factors and knowledge of specific barriers involved in gene transfer to airway epithelia may lead to sition of the apical membrane is not favorable for attachment. (2) In previous work we showed that endocytosisthe development of improved vector systems that will prove more efficacious and efficient for use in cystic phagocytosis was the predominant mechanism by which DNA-cationic lipid complexes entered the cell. 18 It is fibrosis. possible that endocytosis-phagocytosis is uncommon at the apical membrane of mature epithelia.
14 However, Ito
Materials and methods
et al 31 showed that cationic ferritin was endocytosed by airway cells in rat lung. Additional studies are needed to Cells and tissue evaluate this process. (3) Cilia and/or complex polymers, Primary cultures of normal and CF human airway epipossibly proteoglycans and mucus, may cover the surface thelia were isolated and grown as described preand prevent close approximation of the DNA-lipid comviously. 25, 26 The cultured media consisted of a 1:1 mix of plex to the apical membrane. The contribution of these DMEM/Ham's F12, 5% Ultroser G (Biosepra, Paris, factors is probably small because DNA uptake decreased France), 100 U/ml penicillin and 100 g/ml streptoquickly with time after seeding. Certainly no cilia were mycin, 1% non-essential amino acids, and 12 U/100 ml present at those early times. Moreover, when the surface insulin. Cells were seeded on to Millicell polycarbonate of the epithelium was treated with either N-acetylcystfilters (Millipore, Burlington, MA, USA) with an area of eine or neuraminidase, we found little enhancement of 0.6 cm 2 per millicell at 3 × 10 5 cells per filter. Twenty-four transfection, although we cannot be certain that these hours after seeding the cells were switched to the airtreatments removed adherent material.
liquid interface and then grown with a dry apical surface. Even though gene transfer to mature airway epithelia New Zealand White rabbits were anesthetized with an was inefficient, a significant amount of DNA was taken intramuscular injection of ketamine (40 mg/kg), xylazine up into the cells. Based on our studies of labeled DNA (10 mg/kg) and acepromazine (1 mg/kg) and then killed uptake (Figure 3b ), we calculate that we applied approxiwith an intravenous injection of nembutal (10 mg/kg). mately 2.1 × 10 6 plasmids per cell. At the end of the 6 The trachea was removed under sterile conditions, rinsed h transfection period, immature cells (6 h after seeding) with cold PBS and then placed on ice in airway media contained an average of 1.2 × 10 5 plasmids per cell, and (1:1 DMEM/Ham's F12, 5% fetal calf serum, 1% penicilepithelia studied 36 h after seeding contained an average lin, 1% streptomycin, 0.12% insulin, 1% nonessential of 900 plasmids per cell. Such average numbers are misamino acids and 10 g/ml amphotericin). The trachea leading because uptake is likely heterogeneous, with was cut into approximately 1 × 1 cm sections and placed some cells taking up much more DNA and some cells on Vitrogen-coated 6 well plates (Costar, Cambridge, none. However, those numbers emphasize the fact that MA, USA). Enough airway medium was added to cover there is a significant amount of DNA in the epithelial the bottom of each well without covering the mucosal cells. Moreover, previous work 32, 33 has shown that surface. Thus, the mucosa of the explant was kept at the expression of even a small amount of CFTR in 5-10% of air-liquid interface. The mucosa of each explant was epithelial cells is sufficient to correct the Cl − transport injured by repetitively pressing a Pasteur pipette on to defect that characterizes CF. Thus, if barriers subsequent the mucosal surface. Explants were incubated with the to DNA uptake could be minimized, then DNA-lipid-DNA-lipid mixture at 37°for 6 h, at which time the mediated gene transfer might be greatly enhanced.
explants were rinsed with airway medium and returned Our data also underscore the importance of the model to the incubator. As a positive control, 2 × 10 8 IU system used to evaluate gene transfer. For example, when Ad2/CMV␤Gal-2 was applied to the surface of explants airway epithelia are growing on collagen-coated dishes for 2 h. After 36 h, the explants were fixed for 30 min they are transfected readily. However, when primary culwith 4% paraformaldehyde and then incubated with the tures of human airway epithelia are cultured under con-X-gal reagent for 16 h. Explants were examined and ditions that allow them to mature into a ciliated respirphotographed with a dissecting microscope. atory epithelium, transfection is inefficient. This is not simply due to the fact that they are an epithelium, because we found that under different culture conditions Reagents For the cationic lipid, we used DMRIE-DOPE (50:50 canine tracheal epithelia 8 and Fischer rat thyroid (FRT) epithelia (not shown) could be more easily transfected molar ratio), a gift of Dr P Felgner (Vical, San Diego, CA, USA). To assess transgene expression, we used several than human airway epithelia. Thus, when developing gene transfer for specific applications, the model system plasmids: pCMV␤Gal, in which the CMV promoter drives expression of ␤-galactosidase with a nuclear localcan have a great impact on the results obtained, and presumably the ultimate utility of the vector systems that ization signal and pE1CFTR, in which the E1a promoter drives expression of CFTR. Plasmid DNA was purified are developed.
Finally, it is interesting to compare gene transfer to airon Qiagen columns (Qiagen, Chatsworth, CA, USA). For most studies, the amount of endotoxin contamination way epithelia by DNA-lipid complexes and by adenovirus vectors. Although these are not the only two potenwas not defined; however, for some studies endotoxin was removed as previously reported. 11 Similar results tial vector systems that can be used for gene transfer, they are the two that have been most extensively evaluated were obtained in both cases. We also used two adenovirus vectors: Ad2/CFTR-3 in which the E1a promoter for gene transfer in CF. Both vectors show some effect in the airways, that is, they can both express transgenes in drives expression of CFTR; and Ad2/CMV␤Gal-2 in which the CMV promoter drives ␤-galactosidase. was added to the basolateral medium for the duration of the transfection period. At the end of the transfection period the medium was removed and the monolayers were Transfection Plasmid and lipid were each diluted in the appropriate washed four times with PBS pH 7.4. The cells were lysed with lysis buffer (described above) and the lysate counted volume of Eagle's MEM. Lipid was added to the plasmid, mixed by inversion, and allowed to incubate for [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] in a scintillation counter.
To label proliferating airway epithelial cells, the min at room temperature. Unless otherwise stated we used a 1:6 w:w ratio of DNA to DMRIE-DOPE; in premucosal media were removed 12 h after seeding and the submucosal media were changed to media that contained liminary studies we found this ratio to be optional for gene transfer to airway epithelia. Cells were washed once a 1:100 dilution of a 10:1 mixture of 5-bromo-2′-deoxyuridine and 5-fluoro-2′-deoxyuridine (BrdU) (Zymed Lab, with Eagle's MEM, and 250 l of the DNA-lipid complex (containing 3 g DNA with the appropriate amount of South San Francisco, CA, USA). Cells were then transfected with DMRIE-DOPE and pCMV␤-Gal for 6 h. After DMRIE-DOPE) was added to the apical surface. After 6 h, half the epithelia were harvested for the measuretransfection, both surfaces of the epithelium were rinsed twice and fresh media added. Monolayers were cultured ment of cell-associated DNA (described below). In the other half of the cultures, the transfection solution for an additional 24 h at 37°C and then fixed in 70% ethanol for 10 min. Monolayers were then incubated with a was removed by washing, fresh medium was applied, and 48 h later, cells were harvested for evaluation of biotinylated mouse anti-BrdU antibody and stained with a streptavidin-peroxidase (Zymed Lab). Once the BrdU expression (described below).
staining was completed, ␤-galactosidase activity was measured by staining epithelia with X-gal reagent.
Expression assays
We assayed ␤-galactosidase activity with the Galacto-Lite Finally, the total number of cells per field was determined by staining the monolayers with DAPI stain and assay (Tropix, Bedford, MA, USA) using a luminometer (Monolight 2010; Analytical Luminescence Laboratory, counting nuclei using a fluorescent microscope. The monolayers were examined by light microscopy, and cells in San Diego, CA, USA). Protein was measured using a BioRad assay (Bio-Rad Laboratories, Hercules, CA, USA). each field were scored for brown cellular peroxidase reaction indicating BrdU positivity, blue nuclei indicating ␤-Data for ␤-galactosidase activity represent total values from all cells on a monolayer. Cells were washed once galactosidase activity, or both. The percentage of BrdUpositive cells and ␤-galactosidase-positive cells was simiwith phosphate-buffered saline (PBS) pH 7.4 then removed from filters with 120 ml lysis buffer (100 mm lar when the protocols were done independently. potassium phosphate pH 7.8, 0.2% Triton X-100 and 1 mm dithiothreitol). Triplicate cultures were used for each Electron microscopy To follow the cellular entry of DNA, airway epithelia condition in each experiment. For analysis of ␤-galactosidase expression, cells were fixed 24 h after transfection were transfected with 5 g of DNA complexed with DMRIE-DOPE. At the end of the 6 h transfection, cells with 1.8% formaldehyde and 0.2% glutaraldehyde and then incubated for 16 h at 37°C with 0.3 l of 40 mg/ml were fixed with 2.5% glutaraldehyde and processed using standard transmission electron microscopy pro-X-gal reagent (5-bromo-4-chloro-3-indolyl-␤-d-galactopyranoside) in DMSO dissolved in 12.5 ml of PBS (pH cedures as we have previously described. 18 We also studied similar complexes in which the DNA was labeled 7.8). Blue staining of nuclei was evaluated by light microscopy; at least 1000 cells were counted in each with gold particles as previously described. 18 experiment. Measurement of short-circuit current (Isc) in response
